We report an efficient and robust electrochemical deposition method to fabricate large-scale two-dimensional rigid arrays of metal colloids with a precise control of the particle morphology by monitoring metal growth that is confined within a templated organic porous mold. Light transmission resonances through the metallic periodic microstructures are observed and the resonance wavelengths are found to depend on the morphology of the scattering elements. Further numerical simulations confirm these transmission resonances and reveal that they are attributed to the excitations of localized or propagating surface plasmon modes supported by the specific structures. The present method of tailoring metallic microstructures could find applications in plasmonics. © 2010 American Institute of Physics. ͓doi:10.1063/1.3300640͔
The interaction of light with surface plasmons ͑SPs͒-the collective oscillations of free electrons in a metal-on periodically microstructured metal films can be ultimately tailored to yield surprising optical properties. 1 One of the most impressive examples is the extraordinary optical transmission through an optically opaque metal film perforated with a two-dimensional ͑2D͒ array of subwavelength holes reported by Ebbesen et al. 2 On the other hand, when metal nanoparticles ͑NPs͒ are arranged in a periodic lattice, the collective optical properties of SPs can be controlled by tuning the size, morphology, composition of metal NPs, or by controlling the interparticle spacing and packing symmetry of metal NP assemblies.
3-5 Interestingly, a metal film formed on a 2D colloidal crystal substrate also show anomalous transmission phenomenon. 6, 7 In addition, nanostructured metal films comprised of periodically arranged segmented spherical voids on the surface have also been demonstrated to support both localized and delocalized SPs and their hybrid modes. 8, 9 It is seen that engineering metallic materials provide unique methods for manipulating light, giving rise to a whole set of interesting properties and applications such as waveguides, microscopes, and biosensors. [10] [11] [12] [13] In this letter, we developed an efficient and robust electrochemical deposition method to prepare large-scale 2D lattices of uniform cavity-controllable metallic colloids by monitoring metal growth that is confined wholly within a templated organic porous mold. In addition to generating freestanding periodic arrays of metallic hollow hemispheres with exquisite control over shell thickness, we also demonstrate how to continuously shape the metallic colloids from half-shells to apple-shaped nanocups and nanospheres, depending on the electroplating condition that can be controlled. Light transmission resonances are observed experimentally through these metallic periodic microstructures and their physical origins as a result of localized and delocalized SP excitations are identified through numerical simulations.
To fabricate freestanding monolayer rigid arrays of metallic mesoparticles, a large-area 2D silica colloidal crystal as the primary template was first prepared using our reported method.
14 A thin layer of metal such as gold with a typical thickness of ϳ30 nm was plasma sputtered on the surface of the silica template to form an egg-holder shaped metal film, 7 to which a metal wire was attached. Then, drops of toluene solution of polystyrene ͑PS͒ were dipped onto the silica template so that, after evaporation of toluene, both the wire contact and the template were embedded within the PS film. In the next step, the silica template was dissolved with a 1% HF solution, which left a freestanding PS macroporous membrane with small apertures at the top of each pore, where the original silica spheres were in contact with the silica substrate ͓Fig. 1͑a͔͒. 15 Subsequently, such kind of structures are served as a cathode in a two-electrode system together with a copper plate working as an anode for metal electrochemical deposition under a rectangular wave pulse reverse voltage which is characterized by the cathode and anode potentials U cath and U anod , and the pulse width of each polarity cath and anod ͓Fig. 1͑b͔͒. After electrodeposition, the host PS membranes can be dissolved in chloroform, leaving freestanding ordered arrays of metallic colloids. Note that our approach a͒ Electronic mail: zchen@nju.edu.cn. should allow one to easily synthesize multicomponent structures that may have more interesting optical properties owing to the advantage of electroplating. 16 The 2D lattices of cavity-controllable metallic colloids that we explored first are hexagonally-close-packing ͑HCP͒ arrays of Cu half-shells for which we set U cath = −0.4 V and U anod = 0.2 V, and the pulse width cath = 80 ms and anod = 20 ms. From the scanning electron microscope ͑SEM͒ images of the fabricated typical samples shown in Figs. 1͑c͒-1͑f͒, we can see that uniform hollow hemispheres with controllable shell thicknesses were readily achieved. This clearly demonstrates that under such a relatively low cathode potential, copper was deposited radially on the mother Au half-shell array electrode surface. 17 For a given PS membrane with an active area ͑S͒ containing an array of spherical pores of radius R, the electroplated metal half-shell thickness ͑w͒ can be predicted from the corresponding deposition charge transfer ͑Q dep ͒, by assuming that metal is uniformly deposited onto the hemispherical surface of the cavities. A brief analysis gives the relation
where a is defined as a =3 ͱ 3M / nF, M is the atomic weight of the deposited metal, n is the number of electrons transferred per metal atom, is its density, and F is the Faraday's constant. In the experiment, S was set to be 0.405 cm 2 and R was measured to be 750 nm ͑a ϳ5% reduction was observed as compared with the original 790 nm radius silica sphere, mainly due to the shrinkage of PS͒. The measured Cu shell thicknesses ͑including less than 5 nm thickness Au layer at the rim͒ and the corresponding deposition charges are summarized in Fig. 1͑g͒ and are found to agree well with the theoretical values for w Ͻ 310 nm. Large deviation was found for Cu half-shells with w Ͼ 310 nm because copper could grow beyond the hollow hemispherical edges when the Cu walls become thick enough.
In addition, metal growth crossing the edge of the halfshells can be easily initiated in our templating method by applying relatively higher cathode voltages to the plating cells. As a consequence, rigid arrays of monodisperse cup-shaped metallic colloids can be prepared. Figure 2 shows the SEM images of Cu nanocup arrays prepared under U cath = −0.8 V, cath = 80 ms, U anod = 0.4 V, and anod = 20 ms with different deposition durations. As is clearly seen from the cross sections of the metallic colloids ͑insets in Fig. 2͒ , upon increasing the deposition duration the nanocavities within the colloids show a decreasing size. Cupshaped ͓Fig. 2͑a͔͒ and funnel-shaped ͓Fig. 2͑b͔͒ cavities can be obtained with deposition duration of t dep = 35 s and 63 s, respectively. When t dep was further increased to 78 s, the PS pores were nearly filled with copper such that almost complete solid spheres were prepared ͓Fig. 2͑c͔͒. It is worth pointing that both the shape and size of cavities in the metallic nanocups can be manipulated in our method by controlling the parameters of the pulsed voltage or the total charge passed during Cu deposition.
Since the fabricated metal microstructures are freestanding in nature, they could allow light tunneling via the excitations of SP modes. The near-infrared transmission spectra under normal incidence of light for HCP arrays of Cu hollow hemispheres ͓Fig. 1͑f͔͒, nanocups ͓Fig. 2͑a͔͒, and solid spheres ͓Fig. 2͑c͔͒ are shown in Figs. 3͑a͒-3͑c͒ . Interestingly, note that the resonance location and amplitude are found to depend on the morphology of the individual scattering metallic mesoparticles. To reveal the physics of these transmission resonances, we performed numerical simulations using the commercial finite element software package ͑Comsol Multiphysics͒. For simplicity, the thin egg-holdershaped Au layer was omitted in the calculation due to its relative small fraction in the particle composition. The Cu half-shells have a radius of 750 nm and a thickness of 220 nm ͓as measured in Fig. 1͑f͔͒ . The Cu nanocups are modeled as 400 nm thickness Cu shells, each with an inverted cone opening spanning an azimuth angle of 55°relative to the shell center ͓as estimated from the inset in Fig. 2͑a͔͒ . Since all these metallic colloids were interlinked in a HCP format, we model the bridges among adjacent Cu spheres or nanocups ͑Cu half-shells͒ as Cu cylinders ͑semicylinders͒ with a diameter of 150 nm. The dielectric constant of the glass substrate is = 2.25. For the permittivity of copper, we use literature values. 18 The simulation results are shown in Figs. 3͑d͒-3͑f͒, which have confirmed the main transmission peak as well as the subpeaks observed in experiments in each case, although their locations are somewhat shifted with respect to the experimental values, which could be attributed to copper oxidation of the colloid surface as well as the relatively simple models adopted here. For a better understanding of light tunneling observed in these periodic metallic nanostructures, the distributions of the electric field amplitude are calculated for the mimicked Cu structures at their transmission resonances and shown in the insets of Figs. 3͑d͒-3͑f͒. It is seen that the resonances predicted at 1090 nm for the half-shell array and at 1050 nm for the nanocup array could be understood as a partially localized SP mode ͑cavity mode͒ since the remarkable field enhancement is concentrated within their cavities. The main transmission peak observed in the long wavelength limit for both the nanocup array ͑at 2070 nm͒ and the nanosphere array ͑at 2220 nm͒ could arise from the excitation of a highly localized SP mode with its electric field tightly confined at the nanogaps between adjacent metallic colloids. In addition, several other modes including 1290 nm for the half-shell array, 1250 nm for the nanocup array, and 1040 and 1370 nm for the nanosphere array are also predicted in the calculation, which could be explained as contributions from a delocalized SP mode excited in the structure because the corresponding enhanced field is no longer tightly confined within the nanogaps, but instead extends into the surrounding medium ͑i.e., air͒ from the particle surface with multiple nodes. 19 In summary, an efficient and robust electrochemical deposition method was developed to fabricate large-scale 2D array of cavity-controllable metallic colloids. Light transmission resonances through these metallic structures were studied both experimentally and theoretically, and the resonances locations are found to depend on the morphology of the individual scattering elements. These plasmonic crystals could find important applications in biosensing and surface enhanced Raman spectroscopy. 
